Smavarenia b

U .

1w vesduenad

SECURIT Y- INFEORMATION o

G@NFIDENTIAL Copy ©

RM ES2F13

NACA RM ER2F13

RESEARCH MEMORANDUM

EFFECT OF OXYGEN CONCENTRATION OF THE INLET OXYGEN-NITROGEN
MIXTURE ON THE COMBUSTION EFFICIENCY OF A SINGLE J33
TURBOJET COMBUSTOR
By Charles C. Graves

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

CLASSIFICATION CANCELLED

Authorr‘y)}[\,&&.]ﬁt‘_hﬂl,- Date--z/u/ A
L RNGG
sy‘m)h@ IV Y77y AU E——

This material contains Information affacting the National Defense of the United States within the meaning
oitbaaspinnaphws Title 18, U.BC Secs, 793 and 794, the transmission or revelstion of whick in any
ted by law.

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
August 183, 1952




1R

2599

NASA Techn

T

76 01435 6043

NACA RM E52F13 <Rann

NATIONAL ADVISCRY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

EFFECT OF OXYGEN CONCENTRATION OF THE INLET OXYGEN-NITROGEN MIXTURE
ON THE COMBUSTION EFFICIENCY CF A SINGIE J33 TURBOJET COMBUSTCR

By Charles C. Graves

SUMMARY

An investigation was conducted to determine the importance of
molecular-scale procegses in the over-all turbojet combustion process.
The effect of oxygen concentration of the inlet oxygen-nitrogen mixture
on the combustion efficiency of & silngle J33 combustor was determined
for combustor-inliet pressures from 12.0 to 21l.4 inches of mercury
absolute and a range of fuel-flow rates. The combustor-inlet tempera-
ture and welght-flow rate of the oxygen-nitrogen mixture were held con-
stant at 40° F and 1.0 pound per second, respechtively. Attempts were
mede to correlate combustlion efficiency with selected fundamental com-
bustion properties and with a simplified reaction-kinetice equation.

At a given fuel-flow rate, combustion efficiency decreased at an
Increasing rate with reductlion in oxygen concentration. For the pres-
sures and oxygen concentraetions tested, combustion efficlency decreased
with a decrease in fuel-flow rate. At a given fuel-flow rate, combus-
tion efficiency correlated with minimum spark-ignition energy, flame
speed, and a simplified reaction-kinetics equation. A greater range of
combustor-inlet conditions or other types of combustor test will be
required to distinguish the most significant correlation.

INTRODUCTION

Research 1s being conducted at the NACA Lewls laboratory to for-
mulate design parameters for Improving the performasnce of turbojet
combustors. One of the important problems in combustor design 1is that
of meintaining high combustion efficiency at altitude. As shown in
reference 1, both the low pressure and low temperature encountered at
altitude result in reduced combustion efficiency. An explanation of
this effect in terms of basic processes 1s one of the goals of funda-
mental combustion research.

The conversion of fuel and oxygen to end products in a turbojet

combustor is extremely complex, involving such gross and molecular-
scale processes as evaporation of the fuel spray, turbulent mixing, and
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diffusion, lgnition, and oxidation of the fuel. If the rate of cne of
these steps can be considered as controlling the over-all conversion
rate, the problem of treating the combustion process anaslytically is
considerably simplified. In a theoretical analysis of the turbojet com-
bustion process (reference 2), the controlling step was assumed to be -
the chemical reaction (oxidation of the fuel). This analysis resulted
in the P4T4/V, perameter (where Py, T;, and V, are the combustor-

inlet pressure, temperature, and reference velocity respectively), which
has been used with varying nuaccess to correlate the combustion efficiency
of a number of turbojet combustors over their operating range. The
encouraging results cbtained 1n this investigation warrant further study
of the role of molecular-scale processes in the over-all turbojet com-
bustion mechanism.

In view of the complexity of the durbojet combustion process, a
possible method of separating moleculsr-scale processes from grosser
pPhyaical processes would be to compare the effect of selected variebles
both on combustion efficilency and on certain fundamental combustion
properties of premixed fuel-oxygen-nltrogen mixtures. Any relations
found may (1) indicate the importance of molecular-scale processes in .
the turbojet combustion mechanism and (2) suggest possible combustion
mechanisms which can be treated analytically.

The combustion efficiency of a ram-Jjet operating with premixed,
vaporized fuel-ailr mixtures has been correlated with fundamental com-
bustion properties (reference 3); but the problem in a turbojet is much
more difficult, because comparisons cannot be made at definite fuel-air
ratios. While the typlcal over-all fuel-gir ratio in the turbojet com-
bustor 1s outside the lean flammability limit, the distribution of the
total alr flow can result in fuel-air ratios near stoichlometric in
various portions of the combustor. In eddition, little is known of the
effects of turbulent mixing, fuel atomizatlon, and fuel evaporation on
the fraction of fuel available for reactlon.

Investigations of gaseous fuel-oxygen-nitrogen mixtures have shown
the marked effect of oxygen concentration on minimum spark-ignition
energy, quenching distence, and flame speed (reference 4). Oxygen
concentration appreciably affects equilibrium temperature (stoichiometric
or richer fuel-oxygeh ratiovs) and 1s therefore a means of varying the
kinetics term in equations based on bimolecular chemlcal reactions. In
combustor tests, variatlions in oxygen concembtration should affect the
rate of combustlon wlthout appreciebly chérnging such factors as inlet
velocity, turbulent mixing as associated with inlet conditions, and
fuel-spray characteristics. Thus, oxygen concentration, as a combustor-
inlet veriable, offers & possible means of relating combustor performance
characterlistics to fundamental combustion properties and of separating
molecular-scale processes from grosser physical processes assoclated

with inlet conditions. - . e et e — .
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Accordingly, a program was conducted to determine the effect of
oxygen concentration of the inlet oxygen-nitrogen mixture on the combus-
tion efficiency of a J33 single combustor. The combustor, installed in
the lsboratory alr and exhaust supply system, was operated over & range
of inlet pressures (12.0 to 21.4 in. Hg absolute) and fuel-flow rates
(0.010 to 0.0157 Jb/ sec). The oxygen concentration of the inlet oxygen-
nitrogen mixture was varied from approximately 16 to 48 volume percent
by the introduction of metered quantities of pure oxygen or nitrogen
into the combustor-inlet air system. The inlet temperature and welght-
flow rate of the oxygen-nitrogen mixture were held constant at 40° F
and 1.0 pound per second, respectlively. Isooctane was used throughoub
the program, since considersble fundamental cambustion data were avallable
for this fuel. Possible correlations of combustor data with fundamental
combustion properties (minimum spark-ignition energy, quenching distance,
flame speed) and a simplified reaction-kinetics equation are presented.
The materisl presented in this report 1s part of a dissertatlion presented
for the degree of Doctor of Engineering iIn the Yale School of Engineering.

APPARATUS AND PROCEDURE

Combustor. - The single J33 combustor installation is shown dia-
grammatically in figure 1. The combustor was connected to the laboratory
system which provided refrigersted air at -40° F, 48 inches of mercury
absolute, and low-pressure altitude exhaust. The air flow and pressure
in the combustor were regulated by remote-controlled valves located
upstream and downstream of the combustor. The inlet temperature was
controlled by valves proportioning the amount of air passing through a
steam-fed heat exchanger. The exhaust gases were cooled by means of a
water spray located upstream of the exhaust regulating valve. )

The shell, liner, and dome of a production-model J33 combustor
were used. in the investlgation. A conlcal diffuser was used at the
cambustor inlet; the combustor outlet was attached directly to & 6-inch-
diemeter exhsust-instrumentation section. In order to cobtain fully
developed fuel sprays at the low fuel-flow rates required in this inves-
tigation, the standard nozzle was replaced with & hollow-cone nozzle
having a 45° spray angle and & nominal rating of 10.5 gallons per hour.
A sketch of the combustor is shown in figure 2.

Oxygen-nitrogen supply system. - Oxygen (or nitrogen) was added to
the combustor-inlet sir from 12 cylinders manifolded as shown In fig-
ure 1. The gas-flow rate was determined by measuring the pressure
and temperature upstream of & calibrated critilical-flow orifice. To
cover the range of flow rates required, two such oriflces, having nominal
diameters of 0.20 and 0.30 lnches, were used. The pressure upstream of
the critical-flow orifices could be maintained at any value between
30 and 200 pounds per square inch gage by means of a remote-controlled
pressure regulator. The gas was brought into the air duct at a point
approximately 12 feet upstream of the combustor inlet through a spray
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bar (see fig. 2) consisting of eight spokes, each having three 3/52-1nch
holes pointed upstream and located at centers of equal areas of the
8-inch-diameter duct. A mixing section was installed downstream of the
sprey bar to ensure complete mixing of the gas-air mixture at the
cambustor inlet.

Instrumentation. - Cross-sectional views of the cambustor instru-
mentation stations are shown in flgure 2. At each station, the instru-
ments were located at centers of equal areas. Design detalls of the
total-pressure rakes and thermocouple rekes are presented in reference 5.
Exhaust thermocouples were arranged in a parallel circult to give an
instantaneous average-tempersture reading. This method has been Ffound
to give average-temperature readings which are accurate within the
limits of the other instrumentation. Thermocouples were connected
through multiple switches to a dual-range, self-balancing potenticmeter.
The fuel-flow rate was measured with a calibrated rotemeter; fuel nozzle
discharge pressure, with a calibrated Bourdon gage. Air flow was
metered by a square-edged orifice ingtalled according to A.S.M.E. spec-
1fications and located upsiream of the inlet-alr regulating valve

(fig. 1).

Procedure. - Combustlon efficlency was measured over a range of
conmbustor-inlet pressures from 12.0 to Z21.4 inches of mercury absolute,
inlet oxygen concentrations from approximately 16 to 48 percent (by
volume), and fuel-flow rates from 0.010 to 0.0157 pound per second.
The inlet temperature and weight-flow rate of the oxygen-nitrogen
mixture were held constant at 40° F and 1.0 pound per second, respec-
tively. A.8.T.M. certified iscoctane (purity 99.6 mole percent) was
used throughout the program.

Coumbustion efficiency was computed 1n accordance with the equations
and. charts given in reference 6. The enthalpy rise of the oxygen-
nitrogen mixture was computed from enthalpy values of oxygen and niltrogen
tabulated in reference 7. The coambustor reference velocities presented
herein were computed from the meximum cross-sectional area of the com-
bustor flow passage (0.267 sq ft), the inlet oxygen-nitrogen mixture
denelty, and the total oxygen-nitrogen mixture flow rate. No correc-
tlone for radiation, conduction, or stagnation effects on the thermo-
couple readings were made.

RESULTS ARD DISCUSSICN

Combustor Tests

Reproducibility of datae. - Throughout the test program, daily
checks on the performance of the carbustor were made at 17.3 inches of
mercury absolute, 0.0157 pound per second fuel-flow rate, and normal

6692
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alr-oxygen concentration. The deviatlon in combustion efficiency at
this operating condition is shown in figure 3. A possible upward drift
in combustion efficiency with time is indicated, with & maximum spread
in combustion efficlency of approximstely 5 percent. This variation
may be due to slight warpage of the combustor liner resulting from
gbove-normal liner temperatures which were reached with the high oxygen
concentrations. These check data were obtained at a combustor operating
cuondition of average severity for the range of inlet conditions covered.
Greater day-to-day deviations might be expected at lessg favorable
operating conditions.

Conmbustion-efficlency data. - The data obtained in the investigation
of the effect of oxXygen concentration on combustion efficiency are
DPresented in teble I. In figure 4, conbustion efficiency is plotted
agalnst oxygen concentration (volume percent) at the various cambustor-
inlet pressures investigated. The effect of oxygen concentration on
combustion efficiency was more pronounced at the lower values of oxygen
concentration and combustion efficiency. At approximately 21 percent
oxygen (air) a l-percent increase in oxygen concentration increased
combustlon efficiency approximately S percent. At constant fuel-flow
rate and oxygen concentration, combustion efficiency imcreased with
increase in inlet alr pressure. Comparison of the curves of figwe 4
indicates that, at constant inlet pressure and oxygen concentration,
combustion efficilency increased with an increase in fuel-flow rate over
the range of inlet conditions investigated. A slight increase in scatter
of the data is indicated at the lower fuel-flow rates.

Correlation of Data with Fundamental Combustion Properties

In order to study the importance of molecular-scele processes in
limiting the completeness of combustion in the turbojet combustor,
attemptes were made to correlate combustion efficiency with fundamental
conmbustion propertles of isococtane fuel. The fundamental combustion
properties considered in this lnvestigatlion were minimum spark-ignition
energy, quenching distance, and fleme speed.

Minimum spark-ignition energy. - Minimum spark-ignition energies of
isooctane-oxygen-nitrogen mixtures as a function of equivalence ratio
for various pressures and oxygen-nitrogen mixtures were obtained from a
commercial le&boratory. The equivalence ratios in the reaction zone of
the turbojet combustor are not known. Accordingly, & comparison of the
effect of pressure and oxygen concentration on minimum spark-ignition
energy and combustion efficiency was made using values of minimum
spark-ignition energy arbitrarily taken at the equivalence ratios
giving the lowest value of minimum spark-ignition energy for each pres-
sure and oxygen concentration. These values are shown in tdable ITI.
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From cross plots of these date and the combustion-efficiency data of
table I, an spproximate relation between combustion efficiency Tp» com-

bustor inlet pressure P;, and minimum spark-ignition energy Eyp was
obtained as shown in figure 5. This correlation is of the form

m, = £(By2/E,) | (1)

(A1l symbols are defined in sppendix A.) . The exponent in the inlet
pressure term, determined from the date for the 0.0157 pound per second
fuel-flow rate, represents an approximate gverage value of the slopes
obtained by plotting minimum spark-ignition energy against burrer-inlet
bressure on logarithmic paper at various values of combustion effi-
ciency. The scatber in the correlation increased scomeéwhat at the lower
fuel-flow rates. : : - e _ , L

The falred curves of figure 5 are combined in figure 6 tc indicate
the effect of fuel-flow rate on the form of the correlation curve.
Similar trends are shown for all fuel-flow rates. Conmbustion efficiency
increased with fuel-flow rate for the range of inlet conditions
investigated. .

Quenching distance. - The gquenching distance d and minimum .. N
spark-ignition energy En of isooctane—axygen—nitrogen mixtures are. .~ | T_T
approximately related by the expression E, = kd over a wide range
of pressure and oxygen concentration. A similar relation exists for. o
methane, ethane, and propane (reference 4). Substitution of the pre-
viously mentioned relation into equation (1) results in the following
approximate relation between combustion efficlency, burner inlet pres-
sure, and quenching distance: . '

T = f(Pi/d) | (2)

The change in low-pressure propagation limits with tube dlameter
for verlous isococtane-oxygen-nitrogen mixtures was investlgated in °
reference 8. Sincé the minimum tube dlameter for flame propagation has
been shown to be proportional to quenching distance (reference 9), no
gttempt was made to use these data. In a recent theoretlcal analysis -
(reference 10) based on an active-radical-diffusion mechenism, the pro-
portionality constant is related to changes in geometry of the test
equipment. The relation between minimum tube dlameter and combustion
efficiency would be of the same form as equation (2).

Flame speed. - The laminar fleme speeds of isooctane-oxygen- : L
nitrogen mixtures at atmospheric pressure and various equivalence ratios
were determined in reference 11 from schlieren photOgraphs of Bunsen-
type flames. For a range of initial mixture temperatures Ty from -~
560° to 760° R and for oxygen concentrations o from 21 to 49.6 percent
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(volume), an empirical equation of the following form was obtained,
relating the combined effect of these variebles to the maximum flame

speed Uup:
.4
up = K2, (@-12) - (3)

Meximum flame speed is defined as the maximum point of the curve of
fleme speed against equivelence ratio at a given temperature and oxysgen
concentration. :

The effect of variation in pressure on the flame speeds of hydro-
carbon fuel-alr mixtures has not been definitely established. The
effect, if any, is emall and appears to vary with fuel type (refer-
ences 12 to 17). Gaydon and Wolfhard (reference 18) concluded that the
flame speed of hydrocarbon fuel-air mixtures is independent of pressure,
provided that the apparatus dimengions are large enough to prevent sur-
face effects from becoming important. The flame speeds of lsooctane-
oxygen-nitrogen mixtures were assumed to be Independent of pressure in
the present investigation.

Since flame speed 1s one of the fundamental properties which can
readily fit into & physical pilcture of the combustion process, an
attempt was made to derive a combustion-efficiency parameter based on a
flame-speed mechanism (appendix B). The final equation presented in
appendix B for conditions of constant inlet temperature and weight-flow
rate of the fuel and the oxygen-nitrogen mixture is

mp = £(Py1/3 wa/v.) (B9)

For a constant inlet temperature, assuming fleame speed to be independent
of pressure, the maximum fleame speed of isooctane-oxygen-nitrogen mix-
tures is proportional to the term (a-12) of equation (3). Substitubing
this term in equation (3) gives the following relation between combus-
tion efficiency, inlet pressure, reference velocity, and oxygen con-
centration:

T = fEE’il/S .(d,—lZ)/V:;! (4)

As shown in figure 7, the flame-speed parameter of equation (4) sat-
isfactorily correlates the combustion-efficiency data of teble I. The
faired curves of figure 7 are cormbined in figure 8 and are shown to be
similar for each fuel-flow rate.
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Application of Simplified Reaction-Kinetics Equation to Data

In the analysis of reference 2, it is assumed that the step con-
trolling the over-all conversion rate of fuel in the turbojet combustion
process 1s the chemical reaction (oxidation of the fuel). The chemlcal
reaction was considered to be governed by the effective collision rate
between tTwo reactants A and B in one slowly occurring step in the oxl~
dation chain. In the derivation of the P;Ty/V,. parameter, the follow-

ing equation relating combustion efficlency to inlet varisbles and con-
ditions in the burning zone was obtalned:

-E
1 - T]'b 2 —
o o, + 0 ) RL, P,T,
B A~ "B) (e 171
1n ___—__—_j) +Kg = K5 == 3% )z (5)

In this equation N, and Np are the concentrations of the two
reactants, oy and o are the molecular diemeters of the two reactants,

R 1s the gas constant, E 1s the apparent energy of activation, T, is
the burning-zone temperature, and Kg and K3 are consbants. Egue-
tion (5) applies for a glven combustor, fuel, end fuel-air ratio when
combustion occurs in zones where N, i1s less than Np. If the burning-

zone temperature T, 1s considered to be independent of changes in .
combustor-inlet conditions, the right side of the equation reduces to a
constant times the PiTi/Vr parameter. For the case where oxygen con-

centration is & combustor-inlet variable, T, can no longer be considered
constant. Variatlons in oxygen concentretion result in appreciable
changes in the flame temperature of stoichiometric or richer fuel-oxygen-
nitrogen mixtures. In the application of equation (3) to the data
obtained in the present lnvestigation, the burning-zone temperature was
arbltrerily taken ag the stolchiometric adiabatic equilibrium tempera-
ture, and the concentration of reactant B was considered proportional to
the oxygen concentration o of the combustor-inlet oxygen-nitrogen
mixture. Under these conditions, the ratio NA/NB can be assumed con-

stant, and equation (5) can be expressed in the form
__E
n = £ @ PsTy | e RTeq_
Vr Teq3/2

(8)

where Teq is the stolchiometric adisbatic equilibrium temperature.

6652
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The application of equation (6) to the data of teble I is shown in
figure 8. The equilibrium temperatures at the varlous combustor-inlet
pressures and oxygen concentrations were computed by the methods and
charts of reference 19. It was found that, for an activation energy of
approximately 37,000 calories per gram mole, the dats were satisfactorily
correlated. (This value is in reasongble agreement with the apparent
activation energy of 32,000 calories per grem mole cobtained from sdia-
batic compression data for isooctane-air mixtures (reference 4). In
reference 20, & value of 40,000 calories per gram mole was used in the
application of a thermal theory of flame propagetion to the flame speeds
of & number of hydrocarbons. In the spplication of the Semenov thermal-
theory flame-propagation equation (reference 21) to the flesme-speed data
of isooctane-oxygen-nitrogen mixtures, reference 11 found that the value
of 40,000 gave closer agreement between experimental and predicted flame
speeds than did the 32,000 value.) In figure 10, the faired curves of
figure 9 are combined to show the change in the form of the correlstion
curve with change in fuel-flow rate.

Equation (6) was applied to the case of constant fuel-oxygen-
nitrogen mixture ratlio by correlating the effect of pressure and oxygen
concentration at constant fuel-flow rate. For the case of constant
fuel -oxygen ratio, s slightly higher value of apparent actlvatlion energy
would be required to correlate the data.

The correlation of combustion-efficiency data for combustors fol-
lowing normal opersting conditlons willl not be appreciably affected if
equation (6) is used in place of the P;T;/V, parameter, which was

obtained by assuming reactlion-zone temperature to be constant with inlet
e eq
372

Ie

a
affected by Teq; typlcal changes in combustor-inlet pressure and tem-
perature result In relatively small percentage chenges 1in Teq_‘

conditions. While the kinetics term can be spprecilably

Genergl Discussion

Over the range of inlet conditions Iinvestigated, correlations of
combustlion efficiency were obtained with certain fundamental combustion
properties - minimum spark-ignition energy, quenching distance, flame
speed - and with a simplified reaction-kinetics equation. In genersl,
the fundamental combustion properties of hydrocarbon fuels are inter-
related (reference 4). (onsequently, correlation of the combustor data
with all of these properties would be expected if a correlation were
obtalined with any one of the properties. The flame-speed parameter
predicts.-a relation between inlet pressure and velocity which is
appreclably differvent from that of the second-order reaction-equstion
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parameter. 8ince pressure and velocity were not varied independently, it
was not possible to distinguish the significant correlation. Additional
tests inwolving independent varistions of combustor-intet pressure, tem~
perature, and velocity will be required to determine the spplicabillty of
the parsmeters used in the present investigation.

The correlations do not take Into consideration fuel-spray effects.
As seen In figures 5, 7, and 9, -the data scatter as the correlations
increased with decreased fuel-flow rate. Part of this increase can be
attributed to the increase in scatter of the hasic data shown in fig-
ure 4. Increase In relative importance of the fuel-spray vaporization
time, resulting from increase in mean drop dilameter at the lower fuel-"
flow rates, may also be a contributing factor. Since fuel vaporization
time should be affected by changes in primary-zone temperature with
oxygen concentration, an increase ' in the scatter of the correlations might
be expected at the lower fuel-flow rates.

The data obtalned in this investigation indlcate the magnitude of
the effect of reduction in combustor-inlet oxygen concentration on com-
bustion efficiency when combustor-inlet air temgerature 1s raised by the
addition of preheater exhsust geses. For a 200° F temperature rise across
the preheater, the oxygen concentration would be reduced to approximately
20 percent (volume). At high cambustion efficiencies, the effect would
be small; however, at moderate to severe operating conditions, combustion
efficiency may be reduced approximately 10 percent, assuming the effect
of oxygen concentration to be the same as obtalned in this investigation.
The beneficilal effect of increase in cambustor-iniet temperature on com-
bustion efficiency would therefore tend to be offset by the reduction in
oxygen concentration. The date may alsc indicate trends to be expected
in turbojet engine afterburners where oxygen concentrations have been
reduced considersbly (tc approximately 16 percént) by the primary combus-
tors.

SUMMARY OF RESULTS

In an investigation to determine the effects of oxygen concentration
of the inlet oxygen-nltrogen mixture on the combustion efficiency of a
single J33 cémbustor the following results were obtained:

1. At a given fuel-flow rate, combustion efficiency decreased with
reduction 1n oxygen caoncentration; the rate of decrease in combustion
efficiency increased with a decrease in oxygen concentratlon.

2. At a given fuel-flow rate, the combustion efficiency could be-
correlated with (a) minimum spark—ignition_energy; (b) flame speed, or
(c) a simplified reaction-kinetics eguation. = A greater range of inlet ™~
conditions or other types of combustor test will be required to dis-
tinguish the most significant correlation.

6658
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3. Combustion efficiency decreased with a decrease in fuel-flow rate
over the range of pressures and oxygen concentrations investigated. No

attempt was made to correlate fuel-spray characterlsties with combustion
efficiency.

4. The combustion efficiency of turbojet afterburners and of combus-
tors supplied with air heated by the addition of exhaust gases may be
substantially reduced by the decreased oxygen concentration.

Lewls Flight Propulsion ILsboratory
Nationsl Advisory Committee for Aeronauntics
Cleveland, Ohlo
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APPENDIX A
SYMBOLS

The following symbols are used 1n this report:

Ap totael flame-surface ares in'cQMbﬁstor
A'f flame-surface area per unlt volume
A'fi initial flame surface per unit volume

combustor reference cross-sectionsl ares
dimension of combustor

guenching distance

A

D

d

E energy of activation
Em minimum spark-ignition energy
£

over-all fuel-oxygen-nitrogen mixture ratio

fm fuel-oxygen-nitrogen nmixture ratio of unburned mixture
K proportionality constant B
mg molecular welght of oxygen-nitrogen mixture

me molecular weight of fuel

Ny concentration of reactant A

Ng concentration of reactant B

Pm pressure of unburned mixture

Py combustor-inlet pressure

Pr Prandtl number

R gas constant

Re Reynolds number

Te burning-zone temperature

6882
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Pfm

Ca

stoichiometrlic adilsbatic equilibrium temperature
temperature of unburned mixture

combustor-inlet temperature

maximmm f£lame speed

total combustor volume

reference veloclty, based on A. &and pg
weight-flow rate of inlet oxygen-nitrogen mixture
weight-flow rate of fuel

oxygen concentration

combustion efficlency

inlet density

weight of fuel per unit volume of unburned mixture
molecular dismeter of reactant A

molecular diasmeter of reactant B
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APPENDIX B
DERIVATION OF FLAME-SPEED COREELATING PARAMETER

The combustlion process was visualilzed as the burning of fuel-oxygen-
nitrogen mixture zones of random size and shape which are surrounded by
8 flame surface and which are consumed as they pass through the coambustor.
The temperature and fuel-oxygen-nltrogen mixture ratioc of all unburned
zones are conslidered to have the same value. The flame surface advsances
into the adjacent unburned mixture st a rate determined by the physical
conditions of the unburned mixture. The effect of turbulence on rate of

combustion is considered in terms of its effect on the Plame surface area.

This picture of the turbojet combustion.process was suggested by the

analysis of Wohlemberg (reference 22), in which the concept of reaction
interface extension was introduced in a detailed study of the combined
effects of diffusion and chemical reaction in gaseous fuel conbustion.’

primary aii """“‘Eééﬁﬁgéf?‘airq

i
——
-
— S

If the preceding figure represents conditions In the combustor at a
glven instant of time, the combustion efficiency 1, can be expressed by

the relation .. -_ - | Co T . b

_ ___pfg‘“f“f |  (s1)
f

where pp, 18 the fuel per unilt volume of the unburned mixture, Ap 18

the total flame-surface arees in the combustor at the instent considered,
and up 1is the flape speed as determined by the physical conditions of

the unburned mixture. The numerator represénts the pounds of fuel burned

per unit time in the combustor; the dencminator We, the pounds of fuel
supplied per unit time to the combustorﬁ_

If £ 1s the over-all fuel-oxygen-nitrogen mixture ratio, W, and
p, are the welght-flow rate and denslty of the inlet axygen-nitrogen
mixture, respectively, and YV, 1s the reference veloclty based on the

combustor reference cross-sectional area _A., then
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We = Wg = F pgleVy (B2)
It may be shown that
Do = P 1
fm —
N
me

vhere mp and m, are the molecular weights of the oxygen-nitrogen mix-
ture and fuel, respectively; R 1s the gas constant; and £, Py, and
T, &are the fuel-oxygen-nitrogen mixture ratio, pressure, and temperature

of the unburned mixture, respectively. Since the term in the brackets is
very close to unity

RIy

For a low pressure drop across the combustor, Pm may be considered
to equal the combustor inlet pressure P;. Also, if the effects of
radiant heat transfer are neglected, Tm can be consldered constant along

the combustor. In the case of the turbojet combustor, in which Puel is
vaporized and mixed with sir in the primsry zone, Ty may be much higher
than Ty. Assuming that T, 1is proportional to Ty, the relationship

Pfm

Pem becomes
TimaPs  fp
Pem = T = 7= P (B4)
fm KpRT; Kp 8,

where Ky 1is the proportionality constant relating combustor-inlet tem-

perature to the temperature of the unburned mixture in the reaction zone.
When equations (B2) and (B4) are substituted in equation (Bl), the
expression for combustion efficiency becomes

1\ [Fm\ [ A2\ [
m- (&) EEE) e
The totel flame-surface area Ap represents an integration of the
flame-surface area per unit volume Ap' over the total combustor volume
Vo- The mean value of Ap' at any point in the combustion path will be
a function of Ap' at the start of the combustion path end the change in
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Af' ag combustion progresses. In the sbsence of additional sources of
turbulence along the combustor, the change in Af' can be assgoclated

with (a) the tendency of the initial turbulence to decay with time,

(b) the change in turbulence accompanying the energy release along the
combustor, and (c) the change in volume of the unburned mixture. The lat-
ter two factors should account for the major change in flame-surface area
along the combustor. For a given fuel, the energy released is propor-
tional to the over-all fuel-air ratio and the change in combustion effi-
ciency slong the combustor length. The fractional volume occupied by the
unburned mixture 1s & function of the over-all fuel-alr ratio, combustion
efficlency, and inlet temperature. Accordingly, it is possible that Ap

can be expressed in the form
Ap = ALt P(£,my,T)V, (B6)

where ATi' is the initial flame-surface ares per unit volume of com-

bustor reaction zone, and ®(f,nb,Ti) accounts for the effect of energy-
release rate and reduction in volume of the unburned mixture on Ap. The
area Ari' will be a function of the over-all fuel-air ratio and of the

combustor geometry and inlet aerodynamics. As shown in reference 22,
Aps', as affected by combustor-inlet density alone, is proportional to

Pi/Til/s. The area Apy' 1is & measure of the average hydraulic radius

of the unburned-mixture zones, or the average distance through which the
flame must travel to complete the combustion process. As suggested in
reference 22, a dimensional analysis relating Apy' to combustor-inlet

conditions would involve such dimensionless groups as Reynolds and
Prandtl numbers. If it is assumed that-

fpyt = DR(Py/2y) 3 (Re) 2 (Br)
then N

Ap = DRV o(21/74) 3 (re)2(2)® (2, my,Ty) (87)

In these expressions, K 1is a constant and D 1is a characteristic
dimension of the combustor. Substitution for Ap 1In equation (B5) gives

T DKV }.’__L]'/‘-S(Re)9'(Pr)'b

O(£,m,Ty) KpFA T, /5, ue (B8)

6652
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For the combustor date obtained in the present investigation, in
which combustor-inlet temperature and weight-flow rate of the inlet oxygen-
nitrogen mixture and fuel were held comstant, equation (BB) reduces to

w = £(e %) (59)

if the slight change in Reynolds number resulting from the change in
viscosity of the inlet mixture with oxygen concentration is neglected.
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TABLE I - FERFOEMANCE DATA FROM COMBUSTOR (FERATING WITH VARIOUS IRIET OXYGEN-NITROGEN MIXTURES

(a) Nomina) fuel-flow rate, 0.01l57 pound per second

19

Point | Combustor — ]Combustor{CombustomConbustor{Combustor | Fuel Fuel~ Mean com-|Mean tem- |Cambustion
inlet totel |inlet injet inlet reference | flow nozzle bustor- [persture |efficiency
ressure temper- |oxygen- Joxygen velocity |(1b/sec)| pressure |outlet rise (percent)

Py ature nitrogen {cohcen- r drop tempera- |through
Kin. Hg abs) By nixture [|tration |(eyfgec) (1b/8q in.)|ture combustor
(°r) |flow o (°r) (°r
(1n/sec) [(volume
lpercent)
71 iz.0 500 1.00 20.9 118 0.0156 T4 9§37 437 36.2
192 12.0 496 1.00 20.9 317 .0157 T7 912 415 34.6
T2 12.0 500 1.00 235.3 118 .0156 T4 1135 635 52.8
73 12.90 500 .00 24.8 118 .0156 13 1225 725 60.9
85 12.0 499 1.00 4.7 118 0157 72 1247 748 62.7
80 2.0 498 1.00 26.2 217 .0158 77 1215 81s 68.0
es 12.0 437 1.00 27.8 115 ~O157 71 1370 8713 72.9
a7 12.0 497 1.01 30.8 117 Q157 71 1412 915 7.4
81 12.¢ 485 1.01 32.8 116 Q157 73 1407 912 76.9
84 12.0 496 1.00 53.5 1s 0157 72 1472 976 81.8
83 12.0 494 .99 335.7 114 Q157 72 1492 998 83.5
255 12.0 503 l.01 35.4 317 0157 7 1480 877 84.0
248 12.0 5oL 1.01 40.4 118 .Ql57 78 1505 1004 86.2
49 14.3 499 1.00 20.9 29 -0157 73 1118 £19 51.5
284 14.3 502 1.00 20.9 100 .0157 78 1147 645 54.9
65 14.3 501 1.00 4.7 99 ~OLS57 T4 13635 862 73.0
T4 14.3 S00 1.00 25.8 S9 0157 T4 1390 890 75.5
55 14.3 498 1.00 27.7 a8 Q157 T4 1440 942 79.86
Se2 14.3 498 1.00 29.1 97 .0157 73 1480 g6l 80.6
51 1.3 499 1.00 30.7 98 0157 73 1477 978 82.6
50 14.3 498 1.01 32.3 g8 0157 73 1487 989 83.2
254 14.3 503 1.00 35.4 88 0157 78 1537 1034 88.9
248 14.3 501 l.01 40.3 97 .0157 77 15855 1054 90.5
88 14.3 498 1.01 40.3 97 0157 72 1547 1049 90.1
180 17.3 498 1.00 20.9 82 .Q157 78 1287 789 67.5
25 17.3 498 1.00 i8.0 82 .0157 73 1040 542 45.1
67 17.5 s02 .88 18.9 82 .0156 T4 11680 658 55.0
20 17.3 502 1.00 18.0 81 0157 73 1185 663 S54.1
9 17.2 502 1.00 23.5 82 Q157 73 1480 S58 80.8
33 17.3 500 1.01 25.2 az .Q157 72 1450 860 81.6
44 17.3 500 .99 27.7 80 .0157 73 1520 1020 85.5
58 17.3 500 1.00 28.3 a8z .0157 72 1505 1005 85.3
45 17.3 501 1.00 28.6 aL -0157 735 1518 1017 86.4
43 17.5 500 1.00 28.7 8L .Q1s7 73 1510 1010 85.6
39 17.5 500 .99 3.2 80 .0157 72 1550 1050 88.3
36 17.3 S04 .99 32.0 8L L0157 T2 1550 1046 88.0
31 17.3 502 1.00 32.0 8L .Q157 72 1555 1053 88.8
149 17.3 494 1.01 32.5 aL Q157 78 1540 1046 90.5
g3 174 497 1.00 40.0 79 0157 7L 1550 1053 90.2
112 i7.2 504 1.00 43.2 8L .0158 72 1520 1085 g2.8
1 21.4 500 1.00 20.9 &6 .Q157 72 1430 930 78.4
276 2.4 S01 1.00 20.9 &7 - 0157 78 1420 919 79.4
28 2l.4 500 1.00 17.8 &7 Q157 73 1198 68 58.4
297 21.4 503 1.00 18.0 87 .0158 78 1233 750 62.1
23 21.4 504 1.00 19.5 87 0157 T4 1370 868 72.9
24 21.4 499 1.00 19.7 68 0157 75 1335 83s 70.2
15 21.4 00 .99 23.3 658 Neal-yg 75 1525 1025 86.2
14 21.4 500 1.01 25.5 66 -0157 73 1530 1030 88.2
13 21.4 500 1.00 28.3 65 Q157 73 1565 1065 90.0
12 21.4 500 .99 32.0 65 -0157 72 1583 2083 9l.&
258 21.4 503 1.00 35.2 65 .0157 7 1586 1083 93.1
249 21.4 502 1.01 40.2 65 .0157 7 1590 1088 93.8
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TABIE I ~ PERFORMANCE DATA FROM COMBUSTOR COPERATING WITH VARIOUS INIET OXYGEN-NITROGEN MIXTURES - Continued

(b) Nominal fuel-flow rate, 0.0l4 pound per second

6652

Point |Combustor- |Combustor{CombustondCombuston|Combustor | Fuel Fuel- Mean com-|Mean tem- [Combustion
inlet total {inlet inlet inlet reference flow nozxxzle bustor- |perature |efficiency
pressure temper~ loxygen- |oxygen velocity ((1b/sec)| pressure |outlet rise {percent)

Py ature nitrogen }concen- Vr drop tempera- |through
(in. Hg abs) Ty mixture Jtration |(ft/sec) (1v/8q 1n.) |ture combustor
(°R)  |flow o (°R) °r)
(1v/sec) [{volume
percent )

191 2.0 497 1.00 20.9 17 0.0140 59 850 35% 32,7
211 12.0 499 1.00 28.0 117 0139 58 1205 706 66.9

79 12.0 S00 . 1.00 26.2 117 .0138 57 1160 680 . 62.1
221 12.0 500 1.01 28.1 1is .0139 58 1242 742 71.0
232 12.0 SbZ 1.00 32.0 117 0138 59 1285 793 5.4
250 12.0 S0B. 1.00 32.0 118 .01L&0 S9 13a7 801 75.8
257 12.0 S04 1.00 4.9 1nv .0139 59 1345 841 80.1
159 12.0 502 1.00 40.0 118 .014l 56 1360 858 . al.0
177 1.9 494 1.01 45.4 115 <0140 58 1375 881 84.1
194 14.5 S0Q - 1.00 20.9 99 .0140 59 1040 540 50.6
283 14.3 500 .00 20.9 99 -0140. 80 1035 535 50.3
270 14.3 458 1.00 18.7 89 0038 5S¢ 832 334 351.5
210 4.3 499 1.00 26.0 8 .0138 58 i2ez 783 4.7
218 14.3 501 . 1.01 28.0 99 .0139 58 1318 814 78.0
198 14.3 504 .99 30.0 a8 .0140 ] 1370 aes ar.7
231 14.3 502 1.00 32.0 98 .0138 59 1370 888 82.5
172 14.3 498 1.01 32.1 98 0140 59 1350 851 .3
253 14.3 503 1.00 35.2 .88 0138 58 1385 892 85.2
246 14.3 5§02 1.00 40.2 97 .014Q 5g 1425 923 a7.8
239 14.3 s0a 1.00 45.0 96 .0L40 58 1435 935 g8.3%

57 17.3 500 1.00 20.9 82 0143 &0 119¢ 690 63.8
143 17.3 497 1.00 20.9 az -0140 59 1177 680 B4.4
185 17.4 498 1.01 18.0 a3 .0140 58 980 462 43.8
265 7.3 498 .01 18.8 83 Q140 &0 1008 510 48.4
233 17.5 503 1.00 28.0 82 .0139 &0 1352 849 2.1
225 17.3 502 - 1.00 26.1 a2 0160 58 1382 860 82.3
217 17.3 o1l 1.01 28.0 a2 0139 s8 1373 872 84.0
207 7.3 500 1.00 30.0 8l .0}39 58 1408 S08 87.1
148 17.3 £95 1.00 32.1 80 .0140 58 1410 815 87.3
161 AT.4 503 1.00 35.0 81 .0140 58 1440 9357 89.2
145 17.4 495 1.01 35.0 81 0140 58 1430 935 90.1
158 17.3 502 1.00 40.3 81 -01AC 58 1430 928 87.9
128 17.3 508 1.00 40.3 81 .0140 57 1450 942 89.3
154 17.3 502 1.00 45.4 80 0141 58 1460 958 90.6
168 7.3 498 1.01 45.5 - o] <0140 58 1430 932 8g8.2

3 21.5 500 1.00 20.9 66 .0138 80 1285 785 74.8
275 21.4 500 1.00 20.9 &6 0140 60 1282 782 T4.5
183 21.4 497 1.02 16.6 68 .0140 58 965 468 44.9
296 2L.4 503 .89 18.0 &7 .0140 60 120 617 58.2
282 21.4 498 1.00 18.7 &6 «OX4A0 60 1lg8 €70 €3.5
224 2l.4 S02 1.00 26.0 86 .0139 58 1403 S0L 86.6
212 21.4 501 1.01 27.9 £6 -0139 S8 1410 809 87.9
204 21l.4 S0r .98 30.0 -4 .Q138 53 1480 959 91.6
171 2l.4 5007 1.00 32.2 (1] Neaklel 58 1437 937 90.1
236 2.4 505 . 1.00 34.9 65 0138 58 1465 280 91.6
290 21.4 505 1.00 40.0 65 .0140 60 1485 980 93.0
178 21.3 495 1.01 45.3 64 0140 58 1480 865 g91.8
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TABIE I - PERFORMANCE DATA FROM COMBUSTCR OPERATTING WITH VARIOUS INLET OXYGEN-NITROGEN MIXTURES - Continued

W

(c¢) Nominel fuel-flow rate, 0.0l2 pound per second

21

Point |Conbustor- |[Combustor{Combuston|CombustoriCombustor | Fuel Fuel- Mean com~-|Mean tem-|Combustion
inlet total |[inlet inlet Inlet reference | flow nozxle bustor-. |perature |efficiency
pressure temper- [oxygen- |oxygen velocity [(1b/sec) | pressure |outlet rise (percent)

Py ature nitrogen |concen~- Ve dr tempera- |through
(1o, Hg abs)| Ti mixture [tration |[(py/gec) (l'b?gq_ in.) {ture combustor
Ry [flow °r) ©r
(1b/sec) |{(volume
percent)

97 12.1 499 1.00 20.9 117 0.0120 40 807 308 35.2
180 12.1 497 1.00 20.9 117 .0120 44 797 300 32.3
78 12.0 501 1.00 25.1 117 .0120 43 1047 546 58.5
~1035 12.0 504 .02 28.0 121 .0120 41 1082 588 €5.3
108 2.0 503 1.00 29.5 117 .0121 42 1155 652 70.5
1oL 12.0 503 1.00 32.1 217 .0120 41 1175 678 73.2
28 12.0 501 1.00 36.0 118 .0120 41 1215 714 775
106 12.1 498 1.00 48.9 113 -0120 40 1253 755 81.5
82 14.3 500 1.00 20.9 98 0121 43 927 427 45.3
282 14.3 501 1.00 20.9 100 .0120 i 927 426 46.6
188 14.4 498 1.02 18.0 101 .0120 44 705 207 22.7
269 14.3 498 1.00 18.7 100 .0120 L 770 272 29.6
64 14.3 500 1.00 24.7 EE 0117 39 1067 567 62.9
209 14.35 500 1.00 25.9 98 .0118 43 1145 645 70.8
219 14.3 501 .00 28.0 29 .0120 4“ 1187 656 73.2
200 14.5 502 .99 30.1 7 .0118 4 1203 701 75.4
230 4.4 505 .99 31.9 98 .0120 &4 1210 707 77.2
252 14.3 504 1.00 35.2 99 .0119 4L 1230 728 80.0
245 14.3 503 1.00 40.1 a7 .0119 “h 277 T4 85.0
240 14.3 500 1.00 45.8 98 .0120 44 1283 783 85.5
S8 17.3 500 1.00 20.9 82 .0121 43 1043 543 58.4
278 17.3 500 1.01 20.9 82 .0120 43 1057 557 59.1
184 17.4 496 1,01 i8.1 8z .0120 44 872 374 40.8
68 17.5 501 1.00 18.9 82 .0122 e 943 442 46.2
234 17.3 503 1.00 26.0 82 .0120 44 1190 687 75.5
226 17.4 501 1.00 25.1 a1 .0320 45 1213 712 78.4
218 17.4 500 1.01 28.1 82 .0119 L7 1217 737 79.5
206 17.4 500 1.00 23.9 a1 0118 43 1285 765 84.4
163 17.4 502 1.00. 30.1 gL .0121 43 1245 743 81.4
3147 17.3 494 1.01 32.0 [:28 .0120 43 1255 761 83.9
160 17.4 502 21.00 4.9 8l 0120 £3 1300 798 87.5
127 17.3 508 1.00 40.2 a1 .0120 43 1305 797 86.9
157 17.4 502 1.00 40.3 80 .0121 43 1275 75 85.6
134 17.3 505 1.00 45.2 80 .0220 43 1322 817 89.3
153 17.4 502 1.00 45.4 79 -.a1L20 42 1305 803 87.5
274 21.4 499 1.00 20.9 66 0120 45 1133 634 £8.5
299 21.4 498 1.00 20.9 68 -0120 45 1140 642 70.4
293 21.3 508 .99 15.0 €8 -0120 [%3 798 290 31.2
182 21.5 497 i.02 15.7 67 .02 20 i 875 378 41.7
295 21.4 502 1.00 8.0 67 .0120 44 o98 496 55.0
69 21.4 500 .99 18.9 66 .0120 43 1055 555 59.4
223 231.4 502 1.00 26.0 66 -0120 43 1258 756 83.3
213 21l.4 S00 1.01 28.0 &8 0120 4 1275 775 86.0
203 21.5 500 1.00 29.9 65 .0118 43 1320 820 0.5
170 21.5 500 1.00 32.2 85 .0120 “ 1303 803 88.2
237 21.4 503 1.01 34.8 &6 .0120 44 1330 827 91.7
288 21.4 505 1.01 35.8 &6 .0x21 4 1355 850 95.2
175 21.4 496 1.00 45.1 64 .0120 44 1343 847 92.3
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TABLE I - PERFORMANCE LATA FROM COMBUSTOR OPERATING WITH VARIOUS INLET QX!KEN-JNTIROGEN MIXTURES - Concluded o JB’[
(d) Nominal fuel-flow rate, 0.0l0 pound per secand 28
Point |Combustor- |Combustor|Combustord Combustor|Conbustor| PFuel Fuel- Mesn com-)|Mean tem- Combustion
inlet totsl |inlet inlet inlet reference | flow nozrle bustor- |perature jefficiency
pressure temper- |oxygen- - joxygen [veloctity |(1b/sec)| pressure |ocutlet rise (percent)
Py ature nitrogen |copcen- Yo texpera- through
(1n. Hg sbs) Ty mixture |tration |(ey/gec)  |(1v/8q 1n.) |ture  |cowbustor
°m) |flew. .} o ' °R) °r)
(1b/sec) |(volume
percent)
76 12.0 300"~} 1.00. 20.9 118 0.0101. 50 750 250 Sl.4
96 12.0 499 1.00 20.9. 119 .0100 27 748 249 32.1
17 12.0 SO0 . 1.00 26.1 118 .010) 29 833 433 54.5
102 12.0 . . 805 1.02 27.8 121 | 0100 28 €K7 452 60.7
108 12.0 502 1.00 29.%5 117 -C100 28 1000 498 64.3
100 12.0 501 4 1.00 32.0 118 Q100 28 1020 516 86.6
99 12.0 502 1.00 3.2 116 .01l 28 1055 . 553 1.5 |
107 12.0 . sz .99 43.1 115 -0100 28 1105 . 603 76.6
105 12.0 498 1.00 48.7 114 .0100 28 1108 - 607 77.8
81 14.3 499 1.00 20.9 - 98 Ree:in 27 818 316 40.7
196 14.3 501 1.00 20.9 100 . .Q100 0 833 332 42.7
187 14.3 498 1.01 18.0 i .0100 X0 672 173 22.6 - -
268 14.3 488 1.00 18.7 99 .00l 3 727 229 29.5%
208 14.3 500 .99 25.9 | 98 .0101 30 997 497 63.8
220 14.3 500 1.0 28.0 . 99 0100 30 1005 . 505 65.6
201 1€.5 503 .99 30.2 98 0100 30 1035 552 68.3
229 1.3 504 1.00 3.8 98 .0100 %0 1045 Bil 69.8 *
251 14.3 504 1.00 35.1 . 88 .C100 =0 1082 558 7r.9
241 14.3 498 1.01 4£5.9 a7 Nealvs i 30 1120 622 80.7
59 17.3 500 1.00 20.9.. az 0100 23 900 400 51l.4
138 17.3 499 .99 20.9 81 0101 e 910 413 B2.s
186 17.4 438 1.0L 18.0 83 .0100 50 772 274 35.7
267 17.3 499 1.01 18.5 83 .0L00 50 185 296 38.5
235 17.3 503 1.00 25.0 82 .0101 31. N 1020 517 66.2
215 17.3 . 500 1.01 - 28.1 az 0100 50 1048 548 7.3
205 17.3 500 1.00 29.9" - 8L Rorls ol 30 108Q 580 T4.9
162 17.3 502 1.00 30.0 8L 0100 - 29’ 1065 563 13.0
145 17.3 495 1.00 3.9 80 0100 30 1077 582 75.3
155 17.3 . 503 1.01 4.7 81 0100 29 1133 630 82.5
144 7.3 - 497 1.00 34.9 80 0000 30 1120 625 80.8
156 17.3 503 1.00 40.1 80 .0L00 29 1110 607 7.3
132 7.3 511 1.00 - 45.0 81 .Q101 3Q 1160 649 82.9
168 17.3 499 1.01 45.2 80 0100 29 1125 626 80.4
273 2l.4 497 1.00 20.8 &6 .0100. 31 865 468 60.8
298 2l.4& . £97 1.00 20.8 66 L0101 3 987 500 64.5
292 2l.3 508 1.00 16.0 68 .0101 30 742 234 30.0 :
181 21l.4 498 1.01 - 16.7 67 L0100 30 780 282 37.0 -
294" 21.5 502 1.00 18.0 66 0100 50 878 576 40.65
271 21.4 499 1.00 18.7 68 Q100 - 30 880 581 49.3
222 2l.4 500 - 1.00 25.9 66 .0100 29 1080 580 75.2 -
214 2l.4 . 502 - 1.01. . 28.1 68 Q100 30 o7 605 79.1
202 21.5 502" .99 30.0 85 -GL00 . 30 1163 661 85.4
178 2l.3 S0 1.01 31.1 66 0100 50 1132 . 632 az.9
169 21.5 500 1.00 32.0 65 0101 30 1130, 630 8l.1 .
238 21.4 503 1.0 54.9 86 -0100 30 1147 644 84.3
287 21.4 505 1.01 . 39.8 66 .0101 50 1200 895 90.0
174 21.5 .. 498 1.00 . 45.0 64 .0101 50 1187 699 80.3
il e p— =L:
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TABIE IT - MINIMUM SPARK-IGNITION ENERGIES OF
ISOOCTANE - OXYGEN-NITROGEN MIXTURES ‘Q:::gng’

Pressure Oxygen concentration Minimm spark-
(in. Hg sabs) (volume percent) ignition energy
(Joules)
(a)
29.92 15 32.0x10™%
29.92 21 5.7
29.92 25 1.87
29.92 30 .68
29.92 35 40
29.92 50 133
22 .44 15 49.0
22.44 21 8.3
22.44 25 2.5
22.44 30 1.15
22.44 35 .7
22.44 50 24
14.96 15 107.0
14.96 21 14.7
14.96 25 4.4
14.96 30 2.55
14.96 35 1.7
14.96 50 .62
7.48 15 388.0
7.48 21 77.0
7.48 25 15.9
7.48 30 8.2
7.48 35 5.4
7 .48 50 2.4

8Values taken from minimm points of curves of minimm spark-
ignition energy against equivalence ratio at various pressures
and oxygen concentrgtions. Datae obtained from a commercisl
leboratory.
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Figure 3. - Reproducibility of combustion efficiency at check point. Combuator-inlet pressure, 17.3 inches of
mercury absolute; nominal fuel-flow rate, 0.0157 pound per second; oxygen concentration, 20.9 persent Dby
volume; oxygen-nitrogen-mixture flow rate, 1.0 pound per second.
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(a) Nominel fuel-flow rate, 0.0157 pound per second.

Figure 4. - Effect of oxygen concentration of inlet oxygen-nitrogen mixture
on combustion efficlency of a single J33 combustor over a range of inlet
pressures and fuel-flow rates. Comwbustor inlet temperature, 40° F; oxygen-
nitrogen mixture flow rate, 1.0 pound per second.
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Figure 4. - Continued.

Effect of oxygen concentration of inlet oxygen-nitrogen mix-

ture on combustion efficlency of & single J33 combustor over a range of inlet pres-
sures and fuel-flow rates. Combustor inlet temperature, 40° F; oxygen-nitrogen

mixture flow rate, 1.0 pound per second.
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Figure 4. - Continued. Effect of oxygen concentretion of inlet oxygen-nitrogen mix-
ture on combustion efficlency of a single J33 combustor over = renge of iniet pres-
sures and fuel-flow rates. Combustor Iinlet temperature, 409 F; oxygen-nitrogen
nmirture flow rete, 1.0 pound per second.
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Figure 4. - Concluded. Effect of oxygen conceghtration of inlet oxygen-nitrogen mix-
ture on combustion efficiency of a single J33 combustor over a range of inlet pree-
sures end fuel-flow rates. Combustor inlet temperature, 40° F; oxygen-nitrogen
mixture flow. rate, 1.0 pound per second. e T R :
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(a) Nominal fuel~flow rate, 0.0157 pound per second.

Figure 5. - Correlation of cambustion efficlency of a single J33 combustor with a fumetion
of minimm spark-ignition energy and combustor-iniet pressure.
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Figure 5. - Continued. ' Correlation of combustion efficlency of s slngle J33 combustor with
s function of minimm sperk-ignition energy and combustor-inlet pressure.
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(c) Nominal fuel-flow rate, 0.012 pound per second.

Figure 5. ~ Continued. Correlation of combustlon efficiency of a single J33 combustor with a
function of minimm ppark-ignition energy and combustor-lnlet pressure.
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Flgure 5. - Concluded. Correlation of combustion effielency of & single J33 combustor with a

function of minimmm spark-ignition ernergy and eombustor-inlet pressure.
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Figure 8. - Effect of fuel-flow rate on form of correlation curves. Correlation of combustion
efficiency with function of minimum spark-ignition energy and combustor-inlet pressure.
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(a) Nomipal fuel-flow rate, 0.0157 pound per second.

Figure 7. - Correlastion of combustion efflciency of e single J33 combuetor with flame-
specd parasmeter.
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(b) Nominal fuel-flow rate, 0.0l4 pound per second.

Tigure 7. - Coptinued. Correlation of combustion efficiency of a single J33 combustor with flame-
speed parameter. .
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(d) Nominal fuel-flow rate, 0.010 pound per second.

Correlation of combustion efficlency of a single J33 combustor with flame-
speed parameter.
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(a) Nominal fuel-flow rate, 0.0157 pound per second.
Flgure 9. - Correlstion of combustion efficiency of a single J33

combustor with second-order reaction-equation parameter.
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(b) Nominasl fuel-flow rate, 0.01l4 pound per second.

Figure 9. - Continued. Correlation of cambustion effieiency of a single J33
cambuster with second-order reactlion-equation parameter-
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Figure 9. - Contlinued. Correlatlon of combustlicn effliclency of a sgingle J33 ccmbustar
wilth second-order reectlon-equation parameter.
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Figure 9. -~ Concluded. Correlatlon of combustlon efficiency of a single J33 cambustor

wlth second-order reaction-equaticn parameter.
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cambustion efficiency with second-crder reaction-equation parameter.
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